We demonstrate the feasibility of realistic Shell Model Monte Carlo (SMMC) calculations spanning multiple major shells, paying particular attention to the center-of-mass motion. We then use this method to study a series of unstable neutron-rich nuclei with active nucleons in both the sd and pf major oscillator shells. In particular, we study nuclei around the two presumed shell closures at N = 20, 28 and show that SMMC methods can reproduce the measured mass excesses, B(E2)'s, and other observables when a suitable nuclear interaction is employed. Our calculations confirm the previously discovered disappearance of the shell gaps for these extremely neutron-rich nuclei. We close with speculations about future applications of multi-shell SMMC calculations.
I. INTRODUCTION
Studies of extremely neutron-rich nuclei have revealed a number of intriguing new phenomena. Two sets of these nuclei that have received particular attention are those with neutron number N in the vicinity of the 1s0d and 0f 7/2 shell closures (N ≈ 20 and N ≈ 28). Experimental studies of neutron-rich Mg and Na isotopes indicate the onset of deformation, as well as the disappearance of the N = 20 shell gap for 32 Mg and nearby nuclei [1] . Inspired by the rich set of phenomena occurring near the N = 20 shell closure when N ≫ Z, similar effects have been searched for in nuclei near the N = 28 (sub)shell closure for a number of S and Ar isotopes [2, 3] . Similar, but less dramatic, effects have been seen there as well.
In pace with these experimental efforts have been a number of theoretical studies seeking to understand, and in some cases predict, properties of these unstable nuclei. Both mean field [4, 5] and shell model calculations [2, 3, [6] [7] [8] [9] have been performed. All existing shell model calculations suffer from the severe truncation required to achieve tractable model spaces, since successful description of these nuclei requires active nucleons in both the sd and the pf shells. Although a full basis sdpf space is desirable for describing these nuclei, this goal is completely unrealistic for any current diagonalization code on present-day hardware.
Fortunately, an alternative to direct diagonalization of these very large model spaces exists. Shell Model Monte Carlo (SMMC) methods [10] [11] [12] give reliable results for nuclei in bases that are far larger than can be handled by direct diagonalization. While the SMMC method cannot provide detailed spectroscopic information, it accurately predicts overall nuclear properties such as masses, total strengths, and deformation; precisely those quantities that are probed by the recent experiments. It thus seems natural to apply SMMC methods to these unstable neutron-rich nuclei. However, there are several complications that must be overcome. The first is the lack of a proven interaction for the model space. Fortunately, a number of interactions have been constructed for use in truncated spaces and these can be used for validation purposes. Further, below we show that, with only minimal modification, one of these interactions produces reasonable results when compared with experiment.
A second, more troublesome, complication arises because excitations of the center of mass (CoM) in multiple major shell (or multi-hω ) model spaces introduce spurious components into wave functions and calculated observables [13] [14] [15] [16] [17] [18] . Various approaches for removing these artifacts in conventional shell model calculations are well documented in the references cited. Unfortunately, none of these is completely satisfactory for a full-basis sdpf calculation of, for example, 32 Mg which contains excitations of up to 16hω . These intrinsic problems are exacerbated by the fact that it is not possible to implement some of these schemes in the SMMC approach. Nevertheless, we show below that we we have been able to address the CoM problem in the SMMC context and can perform meaningful calculations.
In Section II we discuss the problems of CoM excitations in multi-hω spaces, and detail our approach to their removal, demonstrating that we can control the CoM contamination in the SMMC results. In Section III we briefly discuss the interaction we have adopted and the modifications required to obtain realistic results. Having established the reliability of our observables, we present in Section IV results for a number of unstable, neutron rich, nuclei near the N = 20 and 28 shell closures and compare them to experiment and to other, truncated, shell model calculations. Section V contains a discussion of what we have accomplished and surveys further applications of such calculations.
II. SMMC AND CENTER OF MASS MOTION
SMMC methods reduce the imaginary time many-body evolution operator to a coherent superposition of one-body evolutions in fluctuating one-body fields. This reduction is achieved via a Hubbard-Stratonovich transformation and the resulting path integral is evaluated stochastically. SMMC methods have been applied to numerous full-basis 0hω studies. The primary difficulty in these applications arises from a sign problem due to the repulsive part of effective nucleon-nucleon interactions. A practical solution to this sign problem was obtained by considering a set of Hamiltonians close to the desired, realistic, Hamiltonian (H) and extrapolating to the realistic case [19] . This technique has been validated in numerous studies that show the SMMC approach to be a viable and productive avenue to study extremely large many-body problems [10] [11] [12] .
If no new technical issues arose, it would be a simple matter to expand the set of singleparticle orbitals and perform multi-hω SMMC calculations. Unfortunately, all shell model calculations in multi-hω spaces suffer from contamination by spurious excitations of the center of mass. An extensive literature [13] [14] [15] [16] [17] [18] identifies this problem and suggests several different remedies. For many observables we expect that the CoM contamination will not be a significant problem; after all, the CoM only comprises 3 degrees of freedom out of a total of 3A (A ≡ number of valence nucleons). However, this argument is demonstratively false for some observables, so some active removal measures are required.
The most commonly used prescription to remove spurious CoM excitations from shell model calculations is that proposed by Gloeckner and Lawson [14] . Here, the CoM Hamiltonian (H CM ) is multiplied by a large factor, β CM (not to be confused with the SMMC inverse temperature, β), and added to the true model space H:
with
HereP andR are the center of mass momentum and coordinate as defined in [13] . For large β CM , this has the effect of pushing all spurious components of the nuclear wave functions to very high excitation energies, where they do not mix with the desired solutions (which are in the CoM ground state). Multipliers β CM ∼ 10 5 were originally advocated but it has been shown that values as low as β CM = 5-10 are adequate [15] . This method of CoM purification is highly effective and robust when used in complete nhω model spaces.
If the Gloeckner-Lawson prescription, with large β CM , is used in an incomplete nhω space (i.e. not all excitations of a given order ofhω are included) a complication arises [16] . In an incomplete space, true and spurious components of the wave function are not completely separable and mix. Thus, when the β CM H CM term is added to H , it will continue to remove the CoM excitations, but will also remove those true configurations that mix with the spurious ones, resulting in an unintended truncation of the model space. We will return to this point below.
A number of other approaches have been suggested for identifying and removing CoM contamination of shell model eigenstates. Most rely on constructing the spurious CoM states and removing them from the basis [18] . However, these methods are not applicable in the SMMC context since explicit eigenstate wave functions are never constructed, and so cannot be removed from the basis. One method of CoM removal which initially held promise for inclusion in the SMMC code was the projection method [17] . It is possible to construct an operator that projects out the spurious components of the configuration space. However, this operator introduces another sign problem into the SMMC calculation that we were unable to circumvent.
The Gloeckner-Lawson (GL) prescription as discussed above is the only viable alternative for removing CoM contamination in SMMC observables. However, it must be approached with caution. As mentioned above, while a full basis sdpf calculation of 32 Mg contains excitations of up to 16hω , the many-body space is not complete for even 1hω excitations (the 0p shell would need to be included). Hence, a great deal of care must be taken to minimize CoM contamination while not significantly truncating the space [16] .
We have followed the path advocated by Whitehead et al. [15] to do this: add β CM H CM to H but with β CM remaining fairly small. We have found that β CM = 1 works quite well. This value will push spurious components up in energy byhω = 45A −1/3 − 25A −2/3 MeV ≃ 10 MeV while leaving the desired components relatively unscathed. A smaller value of β CM leaves the spurious configurations at low enough energies that they are included in the Monte Carlo sampling, while larger values of β CM begin to remove the entire pf shell from the calculation and artificially truncate the space.
We can measure the CoM contamination by calculating the expectation value of H CM . In Figure 1 , we show the value of H CM in 32 Mg for several different values of β CM 1 . It is apparent that H CM decreases as β CM increases. We also find that at β CM = 1, H CM ≪ 2hω ≃ 20 MeV showing that CoM contamination is minimal. Fig. 1 also shows that increasing β CM beyond 1 does little to further decrease H CM . Figure 1 contains two different data sets corresponding to two different methods of extrapolating to the physical case (g = 1). The solid line shows the results of a simple quadratic extrapolation; this is the procedure we use for all observables in this paper, except for the Hamiltonian. It has been established [10] that H obeys a variational principle such that the extrapolating curve must have a minimum (slope = 0) at the physical value (g = 1). As we Monte Carlo sample with the quantity H+H CM it is perhaps reasonable to extrapolate H CM using this constraint as well (if H GL were truly separable, this would be an exact procedure). A cubic extrapolation embodying this constraint corresponds to the dotted line in Fig. 1 . We see that the two procedures agree quite well for all values of β CM (and do for other nuclei as well) so that this particular extrapolation appears well controlled.
Somewhere between β CM = 3 and 5, β CM H CM begins to change so strongly as a function of g that our extrapolations become unreliable and we can extract no useful information. This is subtly apparent in Fig. 1 already at β CM = 3. We see that H CM seems to increase and the error bars are growing. By β CM = 5, the extrapolated values become completely 1 All calculations presented here were performed in the zero temperature formalism at a temperature 1/β = 0.5 MeV with ∆β = 1/32 MeV −1 . These values have been shown to be sufficient to isolate the ground state for even-even nuclei. For all data presented here (with one exception) 4608 samples were taken at each value of the extrapolation parameter, g.
unreasonable.
In Figure 2 we show the evolution of the total B(E2) and occupation of the pf shell for 32 Mg as β CM increases. B(E2) decreases slowly with β CM . Although the uncertainties are consistent with a constant, this decrease is likely to be real since we are working in an incomplete nhω model space. At extremely large β CM we would remove the pf shell from the calculation and return to the pure sd-shell result, which is substantially smaller than the result shown here. The very slow evolution of the B(E2) with β CM does open the intriguing possibility of studying B(E2)'s with an interaction that has no sign problem (e.g. Pairing + Quadrupole) and no CoM correction with the hope of obtaining reasonable results. The pf -shell occupation decreases as β CM increases. This is due to a combination of the removal of actual CoM excitations and the "pushing up" in energy of the real states. The pf shell occupation becomes essentially constant near β CM = 1, with larger values of β CM producing no improvement. Thus, we conclude that a small value of β CM ∼ 1 is best.
A final obstacle to the inclusion of the GL prescription in the SMMC code comes from the aforementioned sign problem. The original sign problem for realistic interactions was solved by breaking the interaction into "good" (without a sign problem) and "bad" (with a sign problem) parts: H = H good + H bad . The bad part is then multiplied by a parameter, g, with values typically lying in the range −1 ≤ g ≤ 0. The Hamiltonian H = H good +gH bad has no sign problem for g in this range. The SMMC observables are evaluated for a number of different negative g-values and the true observables are obtained by extrapolation to g = 1. This procedure has been validated in a number of studies [10, 19] . The inclusion of β CM H CM complicates this 'g-extrapolation'. H CM also suffers from the sign problem for g > 0. If we fix the sign problem in the same manner as above, we are no longer dealing with a Hamiltonian that pushes all spurious components to higher energiessome components might even be lowered for g < 0. To demonstrate that the g-extrapolation still works, we have performed full basis sdpf shell SMMC and direct diagonalization calculations for the nuclei 22 Mg and 20 Ne The two methods of calculation agree acceptably for all observables, including H CM . Those disagreements that do occur can be attributed to thermal contamination from higher lying states in the SMMC calculation and would be reduced with smaller time steps (smaller ∆β). For many observables except H , a linear rather than quadratic, extrapolation would serve, but in these cases the quadratic fits give the same answer with larger, and more realistic, estimates of the Monte Carlo errors. In Figure 3 we show a sampling of calculated observables for 22 Mg as a function of g. Presented for comparison are the results of the direct diagonalization code ANTOINE [20] ; the agreement is as good as any typically achieved between SMMC and direct diagonalization calculations.
III. THE EFFECTIVE INTERACTION
Numerous shell model studies have been carried out in truncated model spaces for neutron rich nuclei near N = 20 [6, 8, 7] and N = 28 [2, 3, 9] . The number of sdpf shell effective interactions used in these studies almost exceeds the number of papers. Fortunately, most of the interactions used are quite similar in a number of respects. All of the interactions use the Wildenthal USD interaction [21] to describe the pure sd shell part of the problem. All also use some 'enhanced' version of the original Kuo-Brown pf -shell G-matrix interaction to describe nucleons in that shell. The cross-shell interaction is handled in one of two different ways: matrix elements are generated via a G-matrix or via the Millener-Kurath potential. As is common in this type of calculation, selected two body matrix elements and single particle energies (SPEs) have been adjusted to get agreement with experiment.
Given the similarity between the various effective interactions employed to study sdpf shell nuclei, we have simply chosen one of the available interactions, the WBMB interaction of ref. [6] , and made a one parameter change in the SPEs in order to better match experiment. This Hamiltonian combines the USD interaction for the sd shell with the modified KuoBrown matrix elements of McGrory [22] for the pf shell; the cross-shell matrix elements are provided by the Millener-Kurath potential. The WBMB interaction was developed to describe nuclei in the region N = 20-22, but we show below that it also provides reasonable results near N = 28.
The WBMB interaction was designed for unmixed 0hω and 2hω calculations for nuclei near the N = 20 shell closure. In fact, its designers voice severe warnings about using it for mixed (0 + 2)hω calculations. Never the less, we believe that this caution is unfounded. The problem with mixed (0 + 2)hω calculations (and stressed by the interaction's creators) has been known for quite some time [6, 23] : repulsion between the 0 and 2hω states artificially spreads the spectrum. Its solution has also been known for considerable time: include higher terms in the series (0 + 2 + · · ·)hω [23] [24] [25] , which are required to correct for the repulsion between the 0hω and 2hω pieces of the interaction. The calculations presented here include all orders ofhω contained in the model space. Our calculation of 32 Mg contains (0 + 2 + 4 +· · ·+ 16)hω excitations, obviating the concerns about the (0+2)hω "catastrophe". Thus we feel that it is quite safe to use the WBMB interaction in our SMMC calculations.
The WBMB interaction, as described in [6] , does not reproduce experimental masses with sufficient accuracy. If we vary a single parameter, the shell gap between the sd and pf shells, we can greatly improve the concordance with experiment. We find that if we lower the SPEs of the pf shell orbitals by 3 MeV each, we find good agreement with the Coulombcorrected experimental mass excesses. This is illustrated in Figure 4 for a number of nuclei. Panel a) shows the absolute mass excess compared to the experimental value and panel b) shows the difference between calculation and experiment. It is apparent that agreement is good but not perfect. We define the theoretical mass excess by
where E Correction is an arbitrary constant which we determine by fitting to the mass excess for 36 Ar. This is to be compared to the Coulomb-corrected experimental mass excess
where
and ∆ is the usual experimental mass excess. There are several interesting features in Figure 4 . First, we see that most of the neutron rich nuclei are slightly over-bound in our calculation. This is almost certainly a symptom of our using 36 Ar as the calibrator nucleus. The WBMB interaction was designed for neutron rich nuclei and using it for a N = Z nucleus might not be completely appropriate; if we had calibrated to 40 S, for example, the neutron rich nuclei would match experiment much better. The nucleus which shows the largest disagreement between theory and experiment is 42 Si. Panels a) and b) of Fig. 4 suggest that the SMMC calculations bind this nucleus too strongly compared to experiment. This is not actually a concern because there is no experimental mass excess measurement for 42 Si. The number given in [27] is based upon systematics from neighboring nuclei. We view the values shown in Figure 4 as a prediction for the mass excess which disagrees slightly with the systematics.
For completeness, in Figure 4c we show H CM for the same nuclei. Since there is some ambiguity for which extrapolation procedure is best we show the range given by the highest and lowest values of the errors given by a pure quadratic fit and a constrained cubic fit, as discussed earlier in the section.
The shrinking of the shell gap required to fit the masses is almost a 'standard procedure' for mixed shell calculations. In the 16 O (0 + 2 + 4)hω calculations of [25] it was found that a lowering of the p-sd shell gap by ∼ 3 MeV was required to match experiment. In the 32 Mg calculation of [8] , the SPEs were adjusted such that the 0f 7/2 orbital lies almost 2 MeV below the 0d 5/2 . Compared to this adjustment, the lowering of the pf shell SPEs by 3 MeV seems rather benign; all of our pf shell SPEs lie above those of the sd shell (our 0f 7/2 is 6.6 MeV above the 0d 5/2 ). The SPEs used in this study are in MeV: -3.948, 1.647, -3.164, 2.645, 7.161, 2.172, and 2.160 where the ordering is: 0d 5/2 , 0d 3/2 , 1s 1/2 , 0f 7/2 , 0f 5/2 , 1p 3/2 , 1p 1/2 . Furthermore, the lowering is partially compensated for by the "pushing up" of the pf shell by our use of the Gloeckner-Lawson prescription in an incomplete nhω space. The splitting of the sd and pf shells in our calculations is smaller than that of [7] , but the monopole two body matrix elements in that calculation are also modified to match experiment. In Figure 5 we show a number of low lying states for 22 Mg calculated by direct diagonalization with our modified WBMB interaction in the full sdpf space compared to both a sd-shell calculation using the USD interaction and to experiment [26] . It is not surprising that the 22 Mg spectrum is changed little by the inclusion of the pf shell; the levels are spread slightly, but the differences are minor. We also note that we have checked the CoM contamination for all of the excited states shown in the first column of Figure 5 and it is as small as that shown for the ground state in Figure 3 .
Two things are clear from the discussion above: First, given that all of the interactions used so far require modifications, it is apparent that no truly satisfactory interaction exists for this model space. Second, that it is certainly reasonable to minimally modify an existing interaction, and satisfying if it then provides good agreement with experiment.
IV. RESULTS
There is little experimental information about the highly unstable, neutron rich, nuclei under consideration. In many cases only the mass, excitation energy of the first excited state, the B(E2) to that state, and the β-decay rate are known, and not even all of this information is available in some cases. From the measured B(E2), an estimate of the nuclear deformation parameter, β 2 , has been obtained via the usual relation state supports this interpretation. The most thoroughly studied of these nuclei, and the one which most convincingly demonstrates these phenomena, is 32 Mg, with its extremely large B(E2) = 454 ± 78 e 2 fm 4 and corresponding β 2 = 0.513 [1] . SMMC methods are well suited to study these nuclei, as most of the measured observables are easily calculated within this framework. It is well known that in deformed nuclei the total B(E2) strength is almost saturated by the 0 + gs → 2 + 1 transition (typically 80% to 90% of the strength lies in this transition). Thus the total strength calculated by SMMC should only slightly overestimate the strength of the measured transition. In Table I Table I contains a great deal of information and warrants a careful discussion. The most obvious conclusion is that SMMC methods reasonably reproduces the measured B(E2; 0 + gs → 2 + 1 ) values for these neutron rich nuclei. There are a number of caveats to this claim, foremost being that it obviously depends upon the choice of effective charges, e p and e n . This is true for both the SMMC calculations and the various truncated calculations. Table  II lists the effective charges used in refs. [2, 3, [7] [8] [9] . Table II shows that to find agreement with experiment truncated calculations require quite large values of e p and e n . This is to be expected since large portions of the nuclear basis space have been ignored and core polarization effects must then be included implicitly. With the large increase in basis size afforded by the SMMC method, it is expected that the required e p and e n will be closer to their physical values. This is clearly evident in Table I , where e p = 1.1 and e n = 0.1 are shown to give reasonable agreement for most of the nuclei considered. For the nuclei where the concordance is suspect, there exists reasonable, and probably correct, explanations for the discrepancy. We also include our calculated B(E2, total) using the effective charges of [8] . In most cases these charges result in B(E2) values that are much too large.
We now discuss the cases where experimental and theoretical concordance is not satisfactory. Table I The underestimated values would improve if larger values of e p and e n were used. These nuclei (and 30 Ne) are primarily sd shell nuclei (i.e. no nucleons are required to reside in the pf shell in our space), so that our full sdpf shell model space provides access to no more of the core than do previous calculations (i.e. the p shell is not active). This stands in contrast to nuclei such as 44 S, where the eight valence neutrons move above a core of all (or some) of the sd-shell neutrons in the truncated calculations. In the SMMC calculation, all sd-shell neutrons are active and do not contribute a core polarization correction to e n . For 32 Mg, and presumably 30 Ne, this same core is present for any neutrons excited to the pf shell but it is the sd shell neutrons that dominate the neutron part of B(E2), so that larger effective charges are expected for these nuclei. We note that a pure sd shell calculation of 32 Mg using Wildenthal's USD interaction [21] and e p = 1.3, e n = 0.5 yields B(E2; 0 + g.s. → 2 + 1 ) = 159.2e 2 fm 4 , well below the SMMC and experimental values. This discussion shows that for the N = 20 nuclei studied, the optimal case lies somewhere between the two sets of effective charges presented in Table I . 22 Mg is only included in this study for SMMC validation and is an almost pure sd-shell nucleus, so that the sd-shell effective charges are more appropriate to evaluate its B(E2).
We next turn to the three nuclei where the SMMC significantly overestimates B(E2). Two of the three, 36 Ar and 44 Ti, have been included in our study because they are well understood and provide a useful check for the calculations. Neither of these nuclei is thought to be highly deformed, so that the assumption that B(E2; 0 [2] ) supports this conclusion. However, the truncated calculations also overestimate the strength for this transition, suggesting an intrinsic inadequacy in Hamiltonian or operators.
Summarizing Table I , we have shown that these multi-hω SMMC calculations do an acceptable job of reproducing experimental B(E2)'s for deformed, extremely neutron rich, nuclei, and that there are good explanations for the cases where agreement is less than exemplary. In one case, we are using effective charges that are probably not optimal, while in the other, there is a breakdown of a key assumption that allows for a direct comparison between the SMMC experimental B(E2; 0 Table III shows selected occupation numbers for the nuclei considered. These support many of the assertions made above. Table III shows that 22 Mg remains as an almost pure sdshell nucleus, as expected. We also see that the protons in 30 Ne, 32 Mg, and 42 Si are, almost entirely confined to the sd shell. This latter is a pleasing result in at least two regards. First, it shows that the interaction does not mix the two shells to an unrealistically large extent. Second, if spurious CoM contamination were a severe problem, we would expect to see a larger proton f 7/2 population for these nuclei due to the 0d 5/2 -0f 7/2 "transition" mediated by the CoM creation operator. The fact that there is no proton f 7/2 occupation for these nuclei argues strongly against CoM contamination.
The most interesting feature of [7] that the N = 20 shell gap disappears. Furthermore, we see that 4p-4h excitations seem to dominate compared to the 2p-2h excitations studied in [7, 8, 29] , as was hinted at in [8] . We also see that the neutrons are not confined to the f 7/2 sub-shell. Rather, there is a very large occupation of the remaining orbitals of the pf shell; in all cases, data not shown indicate that this occupation is strongly dominated by the p 3/2 orbital. Similar conclusions follow from looking at nuclei with N > 20, particularly those with N = 28. The N = 20 shell gap is not present and, additionally, the N = 28 sub-shell closure of the f 7/2 orbital is badly violated. Once again, the p 3/2 (as well as the rest of the shell, to a lesser extent) is highly populated. As the breaking of these shell closures is a necessary ingredient for the onset of deformation, a consistent picture emerges that explains the large experimental B(E2; 0 + gs → 2 + 1 )s for these nuclei. In Table IV we show the SMMC total Gamow-Teller (GT − ) strength. We compare our results to those of previous truncated calculations, where available. In all cases, our results are slightly larger than, but in reasonable accord with, other calculations. Since we do not calculate the strength function, we do not compute β-decay lifetimes, but note that since ref. [9] derives reasonable lifetimes, the SMMC results are likely to yield good agreement as well.
Comparing the values in Table IV to those derived from a simple application of the 3(N −Z) sum rule reveals that there must be non-zero (GT + ) strength in these nuclei as well. The presence of this strength can be attributed to the excitation of protons to the pf shell and the production of neutron holes in the sd shell due to the excitation of neutron pairs to the pf shell. We also note that future multi-hω SMMC calculations will allow investigations of configuration space quenching of g A more fully than has previously been possible.
The final property that we study for these nuclei is the pairing. We follow refs. [10, 11, 30] and define a creation operator for a pair of protons or neutrons with angular momentum quantum numbers (J π M) by (c = π for protons and c = ν for neutrons)
where π † j (ν † j ) creates a proton (neutron) in an orbital with spin j. As described in [10,11] a pairing matrix, A † J π M A J π M , is constructed and the eigenvalues found. The sum of these eigenvalues (≡ P J ) is then a convenient measure of the pairing. In Figure 6a , we show P J from the SMMC calculations. In Fig. 6b , we subtract the mean field (MF) values (computed as described in [10, 30] ) of P J from the SMMC values to get the number of correlated pairs, P J corr. = P J (SMMC) -P J (MF). We consider the following two pairing channels: (1) pp J π = 0 + , T = 1, (2) nn J π = 0 + , T = 1. For a completely closed shell the SMMC values of P J would equal the MF values and the excess pairing correlations in Fig.  6b would vanish. We also calculated the pairing in the same channels, but with negative parity (π = (−1) la+l b = (−1) lc+l d ) and find it to be rather small in most cases. The correlated pairing shown in Figure 6 indicates that the protons and neutrons are decoupled in the neutron-rich nuclei, since adding neutrons hardly changes the proton pairing. This is a somewhat different behavior when compared to beta-stable nuclei in the pf -shell, where adding neutrons (starting from N = Z) enhances proton-proton pair correlations [10] . At the N = 20 and N = 28 shell closures the neutron rich systems show some coherence, indicating that these shell closures are not well defined. This is confirmed in the occupation numbers for these systems. 36 Ar is an N = Z nucleus, so that the proton-proton, neutronneutron, and proton-neutron correlations must all be equal, thus some of the pairing strength is in the pn channel as compared to other nuclei shown in the figure. Furthermore, for nuclei near the valley of stability, the N = 20 shell closure should remain.
Further insight into the pairing comes by considering diagonal elements of the pair matrix before and after diagonalization. The presence of a pair condensate in a correlated ground state will be signaled by the largest eigenvalue for a given J being much greater than any of the others. Shown in Fig. 7 are the diagonal matrix elements of the J = 0 pair matrix for 40,44 S before (left panel) and after (right panel) diagonalization. We see from the left panel that adding four neutrons to the system increases the pf -shell neutron matrix elements, while leaving the sd-shell elements fairly unchanged. From the occupation numbers we know that the neutrons are filling pf -shell orbitals, and therefore we expect little movement in the sd shell. The proton matrix elements are slightly affected by the addition of the neutrons, indicating a decoupling of the proton-neutron pairing as expected far from N = Z. The largest eigenvalue of the neutron-neutron pair matrix, as shown in the right panel in Fig. 7 , is about twice that of the next largest eigenvalue. However, the remaining eigenvalues are significant. Thus it is unlikely that there exists a a pure pair condensate in the neutrons. As a further check on this conclusion, we have diagonalized the 3×3 pairing matrix resulting from only the sd-shell neutrons in these two nuclei. We find that the three eigenvalues are all of similar size and significantly smaller than the largest eigenvalue from the full sdpf diagonalization. Thus, what neutron pair condensate does exist is a phenomenon which involves the entire model space, not just the sd shell. In the proton sector we see a similar level of pair condensation. Since the protons occupy mainly the sd-shell, only three eigenvalues are large enough to be represented in the figure.
V. DISCUSSION
In this paper we have demonstrated the feasibility of performing multi-hω calculations within the SMMC approach to the nuclear many-body problem. We have shown that the contamination of the true nuclear ground state by spurious center-of-mass excitations can be successfully mitigated by a judicious application of the method proposed in [14] . This initial study examined unstable neutron-rich nuclei with active nucleons in both the sd and pf shells. Thus, we have used a model space containing all configurations in both shells, i.e. a full sdpf model space. This space contains excitations of up to 16hω for the nucleus 32 Mg but is not complete for even 1hω excitations. Thus we exercised care in the choice of our CoM multiplier to avoid an unwanted truncation of the model space [16] . We found the rather small value of β CM = 1 to be optimal, allowing: a significant reduction of the CoM contamination as measured by H CM , no artificial truncation of the space, and no numerical problems.
We chose a minimally modified version of the WBMB interaction [6] , which gives satisfactory results for the mass excess and was subsequently used to examine all observables discussed. Of particular importance is the B(E2) strength, where our SMMC calculations reasonably describe experiment. Our calculation of other observables and of the ground state orbital occupancy and pair content also supports the findings of several other, truncated, shell model studies: that the shell closures at N = 20 and 28 disappear for these neutron rich nuclei.
The demonstration that realistic multi-hω calculations are feasible in the SMMC framework opens many avenues of future research. Studies of heavy neutron-rich nuclei relevant to r-process nucleosynthesis can now be considered. Most calculations presented here were performed on the 512-node Paragon at Caltech's Center for Advanced Computing Research (CACR). The sdpf model space effectively used all of the available memory (32 Mbytes per node) and hence, larger spaces were not feasible. With the advent of a new generation of massively parallel computers that are much faster and have far more memory, much more ambitious calculations are possible. Even working in a space complete to 2hω would allow the use of a larger value of β CM and eliminate any residual concern about artificially truncating the model space. An obvious step in this direction would be calculations of p-shell nuclei such as 16 O in a full spsdpf model space, for which good interactions exist [25, 31] . In such a study, it might be possible to evaluate various forbidden weak operators as well as those discussed here. ) calculated via direct diagonalization in the full sdpf model space with effective charges: e p = 1.1, e n = 0.1 and e p = 1.3, e n = 0.5 The numbers in parentheses are the values of B(E2, total) with these two sets of effective charges. The total neutron and proton occupation of the pf shell for 32 Mg as a function of increasing β CM . As β CM increases the occupation decreases due to the removal of CoM spuriousity and to the removal of the pf shell from the calculation by the use of the Gloeckner-Lawson prescription in an incomplete nhω model space. For β CM = 1 the SMMC runs have 2304 samples, as opposed to twice that number for all other observables in this paper. 
